Tex was originally identified in Bordetella pertussis, where it serves as a transcriptional regulator of toxin genes. However, the Tex of Streptococcus pneumoniae has no regulatory function in the expression of the pneumococcal major toxin pneumolysin. Here, we identified the CPE2168 gene as Tex in Clostridium perfringens, and examined the roles of Tex in toxin gene expression. We found that the deletion mutant for Tex does not affect growth, but the mRNA levels of three hyaluronidase genes (nagH, nagJ, and nagL) and an exo-sialidase (nanJ) were reduced to less than 50% as compared to the parent strain, C. perfringens strain 13. On the other hand, Tex did not affect the expression of proteases, enterotoxins, hemolysins, either of two hyaluronidase genes (nagI and nagK), an exo-sialidase (nanI), or adhesins. Moreover, purified Tex bound to the 5 0 -portion of target gene mRNAs. Based on these results, we propose that Tex positively regulates the gene expression of a set of toxin genes in C. perfringens.
Tex was originally identified in Bordetella pertussis, where it serves as a transcriptional regulator of toxin genes. However, the Tex of Streptococcus pneumoniae has no regulatory function in the expression of the pneumococcal major toxin pneumolysin. Here, we identified the CPE2168 gene as Tex in Clostridium perfringens, and examined the roles of Tex in toxin gene expression. We found that the deletion mutant for Tex does not affect growth, but the mRNA levels of three hyaluronidase genes (nagH, nagJ, and nagL) and an exo-sialidase (nanJ) were reduced to less than 50% as compared to the parent strain, C. perfringens strain 13. On the other hand, Tex did not affect the expression of proteases, enterotoxins, hemolysins, either of two hyaluronidase genes (nagI and nagK), an exo-sialidase (nanI), or adhesins. Moreover, purified Tex bound to the 5 0 -portion of target gene mRNAs. Based on these results, we propose that Tex positively regulates the gene expression of a set of toxin genes in C. perfringens.
Key words: Clostridium perfringens; toxin gene regulation; Tex; RNA-binding protein
Tex was identified as an RNA-binding protein in B. pertussis, in which it serves as a regulator for toxin genes cyaA and ptx.
1) It is conserved over a wide range of both Gram-positive and Gram-negative bacterial species, 2) but its function remains obscure. An essential gene in B. pertussis, Tex, negatively affects toxin gene transcription. 1) On the other hand, the growth of a tex knockout mutant is not defective in S. pneumoniae, and Tex might help the pneumococcus respond to the environment. 3) Tex contains three functional domains, a poorly understood YqgF domain, a Helix hairpin Helix motif (the HhH motif, known to be a DNA-binding motif 4) ), and an S1 RNA-binding domain. 2) In addition to these domains, Spt6, an eukaryotic ortholog of Tex, has an SH domain at the C-terminus that is required for Iws1-dependent mRNA export and splicing. 5) In view of these features, S. pneumoniae Tex was reported to be able to interact with both DNA and RNA.
3) It is considered to function through interaction with nucleic acids, but its target nucleic acid has not been identified.
Clostridium perfringens causes human diseases including gas gangrene, myonecrosis, and food-borne gastroenteritis. 6, 7) A two-component system, VirR/VirS is responsible for pathogenicity, 8, 9) and directly regulates five genes, including toxin genes such as CPE0163 (pfoA, theta-toxin), CPE0846 (alpha-clostripain), CPE0957 (hyp7), CPE0845, and CPE0920 genes. 10) However, there appear to be uncharacterized regulatory factors for virulence genes in Clostridium perfringens strain 13, since this bacterium possesses as many as 26 virulence-related genes. A computational search revealed a putative open reading frame (CPE2168) encoding a protein with 47.6% sequence homology to B. pertussis Tex. To determine the role of Clostridial Tex in pathogenicity, we examined the effects of depletion of Tex on toxin expression, and verified the RNA-binding activity of Tex.
Materials and Methods
Strains, media, and culture conditions. Clostridium perfringens strain 13 11) and its derivatives were cultured at 37 C in GAM medium (Nissui, Tokyo) under anaerobic conditions, as described by Shimizu et al. 9) C. perfringens strains carrying plasmids derived from pJIR418 vector 12) were cultured in GAM medium containing 25 mg/ml of chloramphenicol. The plasmids were cloned in Escherichia coli strain JM109 (Takara Bio, Shiga, Japan), which was cultured in LB medium containing 50 mg/ml of ampicillin.
Isolation of total RNAs from C. perfringens cells. Clostridium strains were cultured in 50 ml of GAM medium at 37 C. Cells were harvested by brief centrifugation, and were stored À80 C. The frozen cells were suspended in LETS buffer (0.2 M LiCl, 10 mM Tris-HCl pH 6.8, 0.5 mM EDTA, and 0.1% SDS), added to 0.7 g of acid-washed glass beads (425-600 mm) (Sigma-Aldrich, St. Louis, MO) in an equal volume of PCI (phenol:chloroform:iso-amylalcohol, 25:24:1), and then shaken for 4 min at maximum speed using a vortex mixer (Model G560; Scientific Industries, Bohemia, NY). After centrifugation, the aqueous layer was extracted and precipitated with ethanol. The precipitate was dissolved in 1 ml of deionized distilled water (DDW), and then 3 ml of 4 M sodium acetate was added and the mixtures were left at À20 C overnight. The RNA was pelleted by centrifugation, rinsed with 70% ethanol, dissolved in DNaseI buffer (Promega, Madison, WI) for digestion with 2 U of DNaseI (Promega), extracted with PCI, and precipitated with ethanol. The RNA pellets were dissolved in DDW, and used in Northern blotting and primer extension analyses.
Construction of a ÁTex mutant strain. An internal region of the tex gene (þ41 to þ652) was amplified by PCR from the chromosomal DNA of C. perfringens strain 13 using a primer set (F 5 0 -GGCC-GGATCCTTTCATTAAAACAGGTAACA-3 0 and R 5 0 -GCCG-GGATCCTATGAGATGGAATTGTTCT-3 0 ; BamHI sites underlined). The PCR product (632 bp) was digested with BamHI and cloned into the BamHI site of a pUC18 vector to generate pUC2168. An erythromycin determinant gene (ermBP) was amplified by PCR from pJIR418 vector 12) using a primer set (F 5 0 -GGCCGAATTCCAGG-AAACAGCTATGACATG-3 0 and R 5 0 -GCCGGAATTCTTTCAAC-TTGCCCACTTCGA-3 0 ; EcoRI sites underlined). The PCR product (1,199 bp) was digested with EcoRI and cloned into the EcoRI site of y To whom correspondence should be addressed. Tel: +81-298-53-6419; Fax: +81-298-53-7723; E-mail: nakamura.kouji@biol.tsukuba.ac.jp Biosci. Biotechnol. Biochem., 74 (8), [1564] [1565] [1566] [1567] [1568] [1569] [1570] [1571] 2010 pUC2168 vector to generate pDelt2168 for selection of the ÁTex strain. The orientations of the inserted DNA fragments into the vector were determined by DNA sequencing using an ABI PRISM Ò 310 Genetic Analyzer (Applied Biosystems, Foster City, CA). To produce the ÁTex strain, pDelt2168 vector was introduced into Clostridium perfringens strain 13 by electroporation at a field strength 12.5 kV/cm and a pulse length of 5.28 msec in a 2-mm gap cuvette using the Gene pulser Ò II Electroporation System (BioRad Laboratories, Hercules, CA). In the chromosome of C. perfringens strain 13, the tex gene was disrupted through a single crossover homologous recombination event. The transformants were selected on BHI-Sheep blood agar plates containing 50 mg/ml of erythromycin, and were confirmed by Southern and Northern blotting.
Southern blotting. Chromosomal DNAs from C. perfringens strains were prepared by the method of Saito and Miura. 13) Ten mg of chromosomal DNAs from C. perfringens strain 13 and the ÁTex strain were digested with 30 U of HindIII at 37 C overnight, separated by 0.8% agarose gel electrophoresis using 1 Â TBE buffer, and blotted onto Gene screen plus membranes (Perkin-Elmer LifeSciences, Boston, MA) by capillary transfer at room temperature for 8 h, using 10 Â SSC containing 0.4 N NaOH. The 632-bp PCR product of the partial tex gene described above was gel-purified and then labeled with DIG-High Prime (Roche Diagnostics, Mannheim, Germany) for use as the tex-specific probe. Southern hybridization was performed following the manufacturer's instructions (Roche) and signals were detected using CDP-star (Roche).
Northern blotting. Ten mg (Figs. 1 and 2 ) or 5 mg (Figs. 3 and 4 ) of total RNAs were loaded onto formaldehyde-denaturing 1.0% agarose gels, separated by electrophoresis using 1 Â TBE buffer, and blotted onto Gene screen plus membranes (Perkin-Elmer Life Sciences) by capillary transfer at room temperature for 12 h using 10 Â SSC. The membrane was baked at 80 C for 1 h. DNA fragments corresponding to the 5 0 -end portions of the various virulence genes were amplified from the chromosomal DNA of C. perfringens strain 13, using the primer sets listed in Table 1 . Similarly, a DNA fragment of gapC ORF was amplified by PCR using a primer set (F, 5 0 -GGCCGGATCCA-TGGTAAAAGTAGCTAT-3 0 and R 5 0 -GCCGAGATCTCTTAGAAA-CTAAGCATTT-3 0 ). The PCR products (1,016 bp) were gel-purified and then labeled with DIG-High Prime (Roche) for use as probes.
The HindIII-digested DNA fragment of pQE2168 (described below) was excised, gel-purified, and then labeled with DIG-High Prime (Roche) to produce the specific probe for þ1,655 to þ2,163 of the tex gene. Northern blotting was done according to the manufacturer's instructions (Roche), and signals were detected using CDP-star (Roche).
Primer extension analysis. Preparation of DNA sequencing ladder. DNA fragments corresponding to À397 to þ100 of nagH, À397 to þ100 of nagJ, À400 to þ99 of nagL, and À403 to þ102 of the nanJ genes were generated by PCR from the chromosomal DNA of C. perfringens strain 13. Primer sets whose 5 0 -end have an additional EcoRI (for forward primers) or PstI site (for reverse primers) were used (nagH F 5
0 ; EcoRI and PstI sites are underlined). The various PCR products (nagH, 517 bp; nagJ, 517 bp; nagL, 519 bp; nanJ, 525 bp) were digested with EcoRI and PstI and cloned into the EcoRI-PstI site of the pUC18 vector. Sequence ladders were generated using resulting plasmid DNAs.
Synthesis and detection of primer extension products. Total RNAs were prepared from C. perfringens cells harvested at 2 h for the detection of cDNA for nagH mRNA and nagJ mRNA, and at 3 h for nagL mRNA and nanJ mRNA. Fifteen mg of total RNAs were mixed with À1.5 pmol of [-
. The samples were heated at 70 C for 2 min, then immediately shifted down to 65 C for 5 min, placed on ice for 1 min, and mixed with 200 U of reverse transcriptase (Takara Bio), reaction buffer (Takara Bio), and 1 mM dNTPs at 42 C for 1 h. Formamide loading buffer was added, and the reaction products were separated beside sequence ladders in 6% polyacrylamide sequencing gels containing 6 M urea. The gels were dried and exposed to X-ray film. The length of the extended DNA 
fragment was estimated by comparison with the sequencing ladders generated from pUC18 containing the 5 0 -portions of the genes, using 7-DEAZA sequencing kits (Takara Bio) with the primers used to synthesize the cDNAs from the mRNAs.
In vitro transcription. DNA fragments corresponding to the 5 0 -portions of nagH, nagJ, nagL, nanJ, and colA mRNAs were obtained by PCR from the chromosomal DNA of C. perfringens strain 13, using the appropriate primer sets (nagH F 5
0 . The PCR products (nagH, 120 bp; nagJ, 119 bp; nagL, 176 bp; nagL 1{59 , 79 bp; nagL 53{156 , 124 bp; nanJ, 120 bp) were digested by EcoRI and BamHI and then inserted into the EcoRIBamHI site of pGEM3Zf (þ) vector (Promega). The PCR product of colA (99 bp) was digested by HindIII and BamHI and then inserted into the HindIII-BamHI site of pGEM3Zf (þ) vector (Promega). The resulting vectors were digested by BamHI and then used as DNA templates for in vitro transcription. Non-labeled mRNAs were synthesized from 100 ng of template DNAs with 50 U of SP6 RNA polymerase (Takara Bio) for colA mRNA and T7 RNA polymerase (Epicentre, Madison, WI) for the nagH, nagJ, nagL, and nanJ mRNAs in presence of 5 mM rNTPs. Similarly, 32 P-labeled RNA probes were synthesized in the presence of 370 kBq of [-32 P] UTP (À400 Ci/mmol; GE Healthcare, Piscataway, NJ) and 2.5 mM rUTP.
Purification of Tex protein tagged with six histidines at the Nterminus from E. coli. The C. perfringens tex gene was amplified by PCR from the chromosomal DNA of C. perfringens strain 13 using a primer set (F 5 0 -GGCCGGATCCATGGACAATATAAATCATATT-3 0 and R 5 0 -GCCGCTGCAGTTAACCTTCTTTTTTCATTG-3 0 ; BamHI and PstI sites underlined). The PCR product (2,183 bp) was digested by BamHI and PstI and the inserted into the BamHI-PstI site of pQE100 vector (Qiagen, Hilden, Germany) to generate pQE2168. The E. coli M15 (pREP4) (Qiagen) strain harboring pQE2168 was cultured in 2Â TY medium containing 50 mg/ml of ampicillin and 25 mg/ml of kanamycin. Expression of Tex protein tagged with six histidines at the N-terminus was induced by the addition of 1 mM IPTG. Since the Histagged Tex protein was found in the insoluble fraction, the Tex protein was affinity-purified using Ni 2þ -NTA agarose (Qiagen) under denaturing conditions, the manufacturer's instructions (Qiagen), with a modification to the elution buffer (100 mM sodium phosphate pH 6.3, 10 mM Tris, 8 M urea, and 200 mM imidazole). The purified proteins were subsequently dialyzed stepwise against refolding buffer (50 mM potassium phosphate pH 7.5, 500 mM NaCl, and 50% glycerol), with decreasing amounts of urea (6, 4, 2, 1, and 0 M). Protein concentrations were measured by the BCA method using BCA Protein Assay Reagent (Thermo Fisher Scientific Pierce Protein Research, Rockford, IL). Protein samples were stored at À30 C.
Gel shift assay. The RNA probes were heated at 80 C and then slowly cooled to 25 C. The recombinant Tex protein was reacted with 32 P-labeled RNA probes in 10 ml of reaction mixture containing 15 mM HEPES pH 7.9, 2 mM MgCl 2 , 10 mM KCl, 0.3% VRC (New England Biolabs, Ipswich, MA), 15% glycerol, and 10 ng of yeast tRNAs (Roche), or in 15 ml of reaction mixture containing 15 mM HEPES pH 7.9, 2 mM MgCl 2 , 10 mM KCl, 0.3% VRC, 12% glycerol, 15 ng of yeast tRNAs, and various amounts of non-labeled mRNAs. After incubation at 25 C for 30 min, the samples were separated by electrophoresis on 4% native poly-acrylamide gels containing 45 mM Tris-HCl pH 8.3, 1 mM EDTA, 45 mM boric acid, and 2.5% glycerol.
Results and Discussion
Characterization and transcriptional analysis of the Tex homolog in C. perfringens A comparison of the amino acid sequences of S. pneumoniae and B. pertussis by the BLASTP (ver.2.2.20þ) program (http://www.ncbi.nlm.nih.gov/) revealed a high degree of similarity to the deduced amino acid sequence of CPE2168. The gene of CPE2168 comprises 2,163 bp that encodes a 720 amino-acid protein. CPE2168 has 47% amino-acid sequence similarity to the Tex of S. pneumoniae (47% identical and 67% similar residues) and 47% similarity with that of B. pertussis (47% identical and 65% similar residues). We predicted that CPE2168 contains three motifs that are conserved among Tex family proteins, suggesting that CPE2168 is a homolog of Tex. Hence the gene encoding CPE2168 is hereafter designated tex. Figure 1A shows a diagrammatic map of tex and adjacent genes. The neighboring genes, CPE2167 and CPE2169, encode hypothetical proteins of 21.5 and 50.2 kDa respectively. The tex gene is located upstream of CPE2167 in the same direction. A putative rhoindependent terminator was located 251 bp downstream of the stop codon of tex. This organization suggests that tex is monocistronically transcribed. We examined the transcription of the tex gene by Northern blotting. We used GAM medium for the culture of the C. perfringens strains. The GAM medium is a nutrient-rich medium containing peptone, soy peptone, proteose peptone, decomposed serum yeast extract, and liver extract. It is used for the culture of anaerobic bacteria. It is known that C. perfringens strain 13 produces major toxins, Plc, PfoA, and ColA, at the mid-log phase of cell growth (corresponding to 2 h, as in Fig. 2C , open circle, described below) at 37 C in the GAM medium under anaerobic conditions. 9) Total RNAs were extracted from C. perfringens strain 13 cultured at 37 C in GAM medium under anaerobic conditions for 2, 4, and 6 h after inoculation, and then Northern blotted using a texspecific DNA probe. A 2.3-kb tex transcript was detected 2 h but not 4 h later (Fig. 1B) . This indicates that tex gene was expressed at about the same time as the toxin genes and suggests the possibility that Tex directly regulates the toxin genes. The length of the transcript was consistent with the calculated genome information on the tex gene itself. Putative À10 (AATTACTAT) and À35 (TTTAAA) sequences were detected by BPROM software (http://linux1.softberry.com) 46 and 68 nt upstream of the translational start codon respectively. These data also suggest that tex is monocistronically transcribed. The consensus sequence for VirR binding (5 0 -CCCAGTTNCAC-3
014)
) was not found upstream of the putative promoter region, suggesting that the transcription of tex is independent from the VirR/VirS system.
Effects of the defective Tex protein on toxin gene expression
To determine whether Tex is involved in the regulation of toxin gene expression, a tex-knockout mutant was constructed by single-crossing over homologous recombination, as described in Fig. 2A A, Schematic representation of a construct of the ÁTex strain. The pDelt2168 plasmid, the tex gene in the strain 13, and the disrupted tex gene in the ÁTex strain are shown here. Hairpins located downstream of the tex and the ermBP gene represent putative rho-independent terminators. H, B, and E indicate recognition sites for HindIII (H), BamHI (B), and EcoRI (E) respectively. The pDelt2168 plasmid has an internal DNA fragment of þ41 to þ652 of the tex gene (gray box) and the ermBP genes (gray arrow). Homologous recombination between pDelt2168 and the tex gene in strain 13 genome caused disruption of the tex gene in the genome. The resulting strain was used as the ÁTex strain in this study. B, Confirmation of the obtained ÁTex strain by Southern blotting. Ten mg of chromosomal DNAs were digested with HindIII, loaded on a 0.8% agarose gel, blotted onto membranes, and Southern blotted with a probe specific for þ41 to þ652 of the tex gene (WT, strain 13; Á, ÁTex strain). Triangles indicate DNA fragments detected by the tex-specific probe, with their band sizes. C, Growth of C. perfringens strains. (kb) Fig. 1 . Expression of the tex Gene in C. perfringens Strain 13. A, Genetic map around the tex gene in the C. perfringens strain 13 genome. Scores at either end of the map indicate numbers of nucleotides from the replication origin. Arrows represent ORFs with their directions. A hairpin located downstream of the tex gene represents the putative rho-independent terminator. B, Transcription of the tex gene in C. perfringens strain 13. Total RNAs were isolated from cells at 2, 4, and 6 h (corresponding to 2, 4, and 6 h in Fig. 2C , open circles, described below). Ten mg of total RNAs were loaded on a 1.0% denaturing agarose gel, blotted onto membranes, and Northern blotted with probes specific for þ1,655 to þ2,163 of the tex gene. Upper panel, 2.3-kbp transcripts of the tex gene; lower panel, 16S and 23S rRNAs on a methylene-blue stained membrane. strain (ÁTex) was confirmed by Southern blotting (Fig. 2B) . In C. perfringens strain 13, there are HindIII sites at À1,212, þ1,607, and þ1,655, where the adenine nucleotide of the ATG start codon for tex gene is denoted þ1. In strain 13 a 2.8-kbp band was detected, representing the DNA fragment from À1,212 to þ1,607 (lane 1). On the other hand, the ÁTex strain showed 1.9-kbp and 5.4-kbp bands (lane 2). This suggests that homologous recombination occurred. Northern blotting showed that tex was not transcribed in the ÁTex strain (Fig. 2C) . The cell growth of the ÁTex strain was not affected, and was comparable to that of parent strain 13 (Fig. 2C) , suggesting that tex is not an essential gene in C. perfringens.
The complete genome sequence revealed that C. perfringens strain 13 possessed 26 virulence-related genes.
10) The virulence-related genes did not form any operons with each other, and they appeared to be independently transcribed. To determine the role of Tex in toxin production, total RNAs extracted from strain 13 and the ÁTex strain grown in GAM medium were Northern blotted using probes specific to the various 26 virulence-related genes and a housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (gapC). The mRNA levels of three hyaluronidases (nagH, nagJ, and nagL) and an exo-siliadase (nanJ) fell to less than 50% in the ÁTex strain as compared to strain 13 (Fig. 3) . On the other hand, the transcription of proteases (colA and CPE0846), hemolysins (hlyA-E, plc, pfoA, and cpb2), enterotoxins (entA-D), adhesins (CPE0378, CPE0737, CPE1231, CPE1847, and PCP57), hyaluronidases (nagI and nagK), an exo-sialidase (nanI), and gapC was not affected. To exclude the possibility that Tex depletion delays toxin gene expression, 5 mg of total RNAs prepared from cells at 1, 2, and 3 h after inoculation were Northern blotted. The mRNA levels of the four toxin genes fell to 42% (in nagH), 30% (in nagJ), 48% (in nagL), and 39% (in nanJ) at all time points (Fig. 4A, lanes 4-6) as compared with those of strain 13 (lanes 1-3 in each panel). At these time points, the mRNA levels of nagI, nagK, nanI, and gapC did not change in the ÁTex strain (Fig. 4B, lanes 4-6) as compared with strain 13 (lanes 1-3) . This suggests that Tex positively regulates the four toxin genes, and that the gene regulation systems for hyaluronidases and exosialidases are complex. Fig. 3 . Effects of Tex Depletion on 26 Virulence-Related Genes in C. perfringens. Total RNAs were prepared from strain 13, and the ÁTex mutants were cultured for 2 h after inoculation (corresponding to 2 h as in Fig. 2C ). Five mg of total RNAs were loaded onto 1.0% denaturing agarose gel and Northern blotted with specific probes for 26 virulence-related genes and the gapC gene (lane 1, strain 13; lane 2, ÁTex strain).
In bacteria, RNA-binding proteins, such as ribonucleases and Hfq protein, affect mRNA stability, and regulate gene expression at the post-transcriptional level. To determine whether Tex depletion affects mRNA stability, we estimated the half-life of the mRNA for each gene by Northern blotting treating strain 13 and the ÁTex cells with rifampicin. The halflives did not significantly change (data not shown). This indicates that Tex positively regulates four toxin genes but not affecting stabilities of the mRNAs.
Determination of the 5
0 -ends of mRNA for nagH, nagJ, nagL, and nanJ
We examined the promoters of the four toxin genes that are activated by Tex. Total RNA was isolated from C. perfringens strain 13 and the ÁTex strain cultured in GAM medium under anaerobic conditions for 2 h (to detect the nagH and nagJ transcripts) and 3 h (for nagL and nanJ) after inoculation (corresponding to 2 and 3 h as indicated in Fig. 2C) , and used to map precisely the 5 0 -ends of the transcripts for the four genes by primer extension analysis. We deduced from the sizes of cDNA products obtained with primers, (P1-P4), that transcription start points were located at positions 32, 27, 122, and 29 upstream of the nagH, nagJ, nagL, and nanJ translational start codons respectively (Fig. 5A) . The transcription start point predicted a single promoter for each toxin gene (Fig. 5B) .
Binding of the Tex protein to the 5
0 -portion of the mRNA of the target genes The S1 motif shared by Tex family proteins was originally identified in S1 ribosomal protein, which facilitates interactions between ribosomes and ribosomebinding sites on mRNAs. 15) There was a possibility that Tex interacts with the mRNAs of target genes. We examined the RNA-binding activity of Tex by gel shift assay. We mixed 0.3 nM of 32 P-labeled RNA probes corresponding to 100 nucleotides from the transcription start points of the nagH, nagJ, and nanJ genes with various amounts of purified His-tagged Tex (0-200 nM). The RNA probe for nagL mRNA was constructed as an RNA fragment of 156 nucleotides beginning at the transcription start point, since the nagL gene has a long 5 0 -UTR of four genes. A distinct band (RNP complex 1) migrated much more slowly than the free RNA probe in non-denaturing gels when increased amounts of purified Tex were incubated with the 32 P-labeled 5 0 -portions of the nagH, nagJ, and nanJ mRNAs (Fig. 6A) . Moreover, higher concentrations resulted in the detection of more slowly migrating bands, indicated by open triangles (RNP complex 2). This is indicative of the formation of a subdominant complex that is stable in electrophoresis. In contrast, the nagL 5 0 -portion bound poorly to Tex (Fig. 6A, lanes 2-6) Fig. 4 . Effects of Tex Depletion on Hyaluronidase and Exo-Sialidase Genes in C. perfringens.
Five mg of total RNAs prepared from strain 13 (lanes 1-3) and the ÁTex mutant (lanes 4-6) cells harvested at 1, 2, and 3 h (corresponding to 1, 2, and 3 h as in Fig. 2C ) were Northern blotted with specific probes for hyaluronidases, exo-sialidases, and gapC genes. Upper panel, transcripts of toxin genes with their band sizes; lower panel, 16S and 23S rRNAs on a methylene-blue stained membrane. Depletion of Tex affected transcription of nagH, nagJ, nagL, and nanJ (A) but not of nagI, nagK, nanI, or gapC (B). Results are representative of three independent experiments.
containing the longest 5 0 -UTR might have been too large to serve as a probe in the gel shift assay. Hence we reconstructed the nagL RNA probe and divided it into nagL 1{59 RNA corresponding to positions from no. 1 to no. 59 of nagL mRNA, and nagL 53{156 RNA corresponding to positions from no. 53 to no. 156 of nagL mRNA (the transcriptional start points of nagL mRNA was denoted no. 1). The use of these RNA probes allowed clearer detection of slowly-migrating RNP complexes, and suggested that nagL mRNA can interact with Tex. Furthermore, the binding specificity of Tex to the mRNAs of nagH (hyaluronidase) and nanJ (exosialidase) was investigated by competition assay in the presence of non-labeled mRNAs of nagH and nanJ. As a non-specific RNA competitor, we also used an RNA fragment of 79 nucleotides beginning at the transcription start point of colA mRNA, whose expression did not change in the ÁTex strain ( Fig. 3 ; the transcription start point of colA was determined by Ba-Thein et al. 16) ). As Fig. 6B shows, slowly migrating bands (RNP complexes, triangles) gradually disappeared as the concentration of non-labeled mRNAs of nagH and of nanJ increased (lanes 2-4) . Finally, most of the RNP complexes disappeared in the presence of 1,000-fold molar excess non-labeled nagH or nanJ mRNA (lane 4). On the other hand, non-labeled colA mRNA was less effective in preventing the formation of a complex of Tex and mRNA probes than non-labeled nagH or the nanJ mRNA (lanes 5-7). Although the binding efficiencies of Tex to its target gene mRNAs were not very high from the viewpoint of the molar ratio of probe mRNAs to the Tex protein and RNA competitors, these data suggest that Tex preferably binds to the 5 0 -portion of target gene mRNAs. Moreover, Tex did not bind to the DNA fragments encompassing the promoter regions of these target genes even though it has a DNA-binding HhH motif (data not shown). In bacterial species, it is known that anti-terminator proteins positively regulate target genes by specific binding to potential terminator structures in the leader region of the mRNAs but not the promoter DNAs. Binding of the anti-terminator protein to the target mRNA prevents the formation of a terminator structure, allowing synthesis of the fulllength transcript. Based on the data presented here, we propose as one possibility that Tex positively regulates a set of toxin genes through binding to mRNAs during transcription elongation as an anti-terminator protein.
Such a mechanism of action of Tex might result in incompleteness of the repressive effects of Tex depletion on the expression of the nagH, nagJ, nagL,and nanJ genes in Fig. 4A .
Further study of the mechanism of toxin gene regulation by C. perfringens Tex should be helpful to understand the functions of the well-conserved Tex protein family and the details of the pathogenicity of C. perfringens. A, Primer extension analysis determined the 5 0 -ends of the nagH, nagJ, nagL, and nanJ genes. Total RNAs were prepared from cells at 2 (for the detection of the nagH and nagJ mRNA) and at 3 h (for nanJ and nagL) after inoculation (corresponding to 2 and 3 h as in Fig. 2C ). Fifteen mg of total RNAs and À1.5 pmol of 32 P 5 0 -end labeled primers were mixed and incubated with reverse transcriptase. Primer extension products were separated on 6% denaturing acrylamide gels, along with DNA sequencing ladder markers. B, Predicted promoters of the nagH, nagJ, nagL, and nanJ genes. Based on the primer extension results, the promoter regions of nagH, nagJ, nagL, and nanJ gene were predicted. Boxes, predicted À35 and À10 regions of promoters; circles, predicted transcription start points.
